Abstract: This work shows the use of a two-dimensional Gabor wavelets in image processing. Convolution with such a two-dimensional wavelet can be separated into two series of one-dimensional ones. The key idea of this work is to utilize a Gabor wavelet as a multiscale partial differential operator of a given order. Gabor wavelets are used here to detect edges, corners and blobs. A performance of such an interest point detector is compared to detectors utilizing a Haar wavelet and a derivative of a Gaussian function. The proposed approach may be useful when a fast implementation of the Gabor transform is available or when the transform is already precomputed.
INTRODUCTION
A Gabor atom (or function) was proposed by Hungarian-born electrical engineer Dennis Gabor in 1946 [2] . Nowadays, Gabor functions are frequently used for feature extraction, especially in texture-based image analysis (e.g., classification, segmentation or edge detection) and more practically in face recognition. Many of image processing tasks can be seen in terms of a wavelet transform. Informally speaking, the image can be seen under the lens with a magnification given by the scale of a wavelet. In doing so, we can only see just the information that is determined by the shape of the used wavelet. The Gabor atoms can also be seen in the words of a wavelet transform [8] . Specifically, Gabor wavelets are created from one particular atom by dilation (and rotation in two-dimensional case). These Gabor wavelets provide a complete image representation [6] .
In a two-dimensional case, the absolute square of a correlation between an image and the two-dimensional Gabor function provides a local spectral energy density concentrated around a given position and frequency in a certain direction. A two-dimensional convolution with a circular (non-elliptical) Gabor function is separable [7] to series of one-dimensional ones. J. G. Daugman discovered that simple cells in the visual cortex of mammalian brains can be modeled by Gabor functions [1] . Thus, image analysis by the Gabor wavelets is similar to perception in the human visual system [6] .
This work focuses on the use of Gabor wavelets in image processing algorithms, namely the interest point detection. There are several approaches to the interest point detection using Gabor functions or wavelets. More specifically, the two most common approaches involve the edge detection from the feature image [11] or the corner detection using a combination of responses to several filters with a different orientation [10] . In this paper, a new method based on the Gabor wavelets is proposed. This approach differs from previous approaches mainly in the way the filter response is computed. More specifically, the filter response is determined only in two perpendicular directions. The nature of this approach consists in the use of responses to Gabor wavelets as the partial derivatives in the well known detectors (e.g., Canny edge detector, Harris corner detector, Hessian-based blob detector). Such an approach may be useful when a fast implementation of the Gabor transform is available, e.g., [12] , or when the transform is already precomputed. My main contribution consists of the utilization of the Gabor wavelet as a multiscale partial differential operator.
GABOR FUNCTION
In the one-dimensional case, the Gabor function consists of a complex exponential (a cosine or sine function, in real case) localized around x = 0 by the envelope with a Gaussian window shape
for α ∈ R + and ξ, x ∈ R, where α = (2σ 2 ) −1 , σ 2 is a variance and ξ is a frequency. Dilation of the complex exponential function and shift of the Gaussian window when the dilation is fixed form kernel of a Gabor transform. The Gabor transform (a special case of the short-time Fourier transform) employs such kernel for time-frequency signal analysis. The mentioned Gaussian window is the best time-frequency localization window in a sense of the Heisenberg uncertainty principle [8] .
In a two-dimensional case, the absolute square of the correlation between an image and a two-dimensional Gabor function provides the spectral energy density concentrated around a given position and frequency in a certain direction. Moreover, the two-dimensional convolution with a circular (non-elliptical) Gabor function is separable [7] to series of one-dimensional ones
for ξ ξ ξ = (ξ 0 , ξ 1 ) and x x x = (x 0 , x 1 ). Here, the actual frequency of the two-dimensional function is determined
is an angle between x-axis and a line perpendicular to the ridges of a wave (wavefronts).
As mentioned above, the Gabor function is often used to detect frequencies in various directions. Figure  1a shows the Gabor transform for directions of 137 degrees. Figure 1b shows the maxima of three partial transforms (for directions of 17, 77 and 137 degrees). Figure 1c shows one of the used Gabor functions. Elements of a family of mutually similar Gabor functions are called wavelets when they are created by dilation and shift from one elementary Gabor function (mother wavelet), i.e.
for a ∈ R + (scale) and b ∈ R (shift). By convention, the mother wavelet has the energy localized around x = 0 as well as all of the wavelets are normalized g = 1. Although the Gabor wavelets do not form orthonormal bases, the discrete set of them form a frame [6] .
GABOR WAVELET AS A DIFFERENTIAL OPERATOR
An odd Gabor function (sine function) can be understood as a partial differential operator of an odd order, while an even Gabor function (cosine function) can be understood as a partial differential operator of an even order. The α and ξ parameters may be determined by an appropriate algorithm, for example, by minimizing the Euclidean distance from a differential operator we want to approximate.
It may be tempting to calculate the even and odd derivatives together with a single complex Gabor wavelet. This way, we determine the odd derivative from an imaginary part of the function ℑ(g) and the even derivative from a real part of the function ℜ(g). The situation is illustrated in Figure 2 
APPLICATIONS
The following are some applications in which derivatives can be obtained by using the Gabor wavelet. The used notation is in accordance with [9] . The first order partial derivative of image I with respect to variable x is denoted by I x . Analogously, I xx denotes the second order partial derivative with respect to x and I xy is the second order mixed derivative. Furthermore, I x (x x x, σ D ) denotes a partial derivative obtained at the location of an point x x x and calculated by using a Gabor wavelet with scale a ∝ σ D .
EDGE DETECTION
For the edge detection, the convolution in two perpendicular directions is performed with variously dilated wavelets (e.g., separately in row and column directions). It is necessary to use a wavelet which serves as the first order partial differential operator (e.g., a first derivative of a Gaussian function [8] ). Consequently, local maxima of moduli
are found. Only the maxima above a given threshold are considered (due to noise and slight edges). As a result, the edges for each scale are obtained.
Another approach for the edge detection is to use a wavelet which serves as the second order partial differential operator. In this case, edges are located in a zero-crossing points (sign changes, in the discrete case) [4] . This approach is used in detectors based on Laplacian, Laplacian of Gaussian (LoG) and Difference of Gaussians (DoG), see [4] .
CORNER DETECTION
The key idea is to obtain the partial derivatives needed for a construction of an autocorrelation matrix (second moment matrix) [9] µ(x x x, σ I ,
by using the convolution with the Gabor wavelets. A Gaussian window of σ I scale is used for averaging of the derivatives. On this matrix, e.g., Harris & Stephens [3] , Förstner and Shi-Tomasi detectors are based, see [5] . Also here, it is necessary to use such a Gabor wavelet which serves as the first order partial differential operator.
BLOB DETECTION
Following the same principle, blobs can be detected [9] from the second order partial derivatives using a Hessian matrix
An example of such a blob detection is shown in Figure 3 . Here, the complex Gabor wavelet serving as the first order partial differential operator has been used. 
EVALUATION
The proposed approach to the interest point detection has been evaluated by tools used by K. Mikolajczyk in the evaluation of affine covariant region detectors [9] . The performance is measured against changes in viewpoint for the structured scene. The results of the evaluation are shown in Figure 4 . Here, three Hessian-based blob detectors was compared. In these detectors, the partial derivatives was determined using the convolution with an appropriate derivative of the Gaussian function, the Haar wavelet and the Gabor wavelet. The objective of this experiment is to measure the repeatability of the detectors, see [9] . The best results are obtained with the derivative of the Gaussian function which is closely followed by the Gabor wavelet. The worst results are achieved with the discontinuous Haar wavelet.
CONCLUSION
In this work, an outline how to use a two-dimensional separable Gabor wavelet to an interest point detection was proposed. The main contribution of this work lies in the use of the Gabor wavelet as a multiscale partial differential operator. 
